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HI GE-ALTITUDE COOLING
II - AIR=COOLED ENGIFES
By David T, Williams

SUITARY

The heat-transfer theory for esir-cooleé enzincs 1is
summarizcd eand an analysis of thc cooling pressuro drop
1a made for the case in which the pressurc drop 1is an
apprcciablc fraction of the absolute prcssure. A chart
is given for the sirple determination of tn: coollng
pressure drop predlcted on thc basis of the usual type
of sea-lcvol cooling-correlation tosts. Tne mothod is
applied to predlct the variation with altitudo of the
cooling pressurc drop rcquircd by a typical enginc.

INTRODUCTION

In tho studles of rcfercnccs 1 to 3 sntisfactory
semlempirlical mcthods were devclopcd for correlatinz the
cooling-alr mass flow with the opercztin; conditions of
an ailr-coolod engino. Becsusc pressurc¢ dron is & more
Prectical virlablo than mass flow and vceczuse tho product
of rclatlve donsity and pressurc drop (or cAp) was shown to
bo determinoed by the mass flow, thls product wes used in
Place of mass flow as tho correlation variable. For
application in hich-altitudc flight, howevcr, the mass
flow no longcr uniquoly dctcrminos oAp becsuse of com-
presslbllity effeccts, and an extension of tho corrclation
mothods- ia ncedcd 1f the required coolin; prcssurc is not
to bo serlously undcrcstimatcd. Oome discuscions of the
problom havec already baon glven, togocther with analyscs
ol the offects (refercnc: 4).

The purposc of the prcscnt papcr i1is to sumnmarizo
the theorcotical basis for the compr:asibility corrcction
and to presont a chart by means of which the corrcction
canp bo mado simply and with a ninimum of supnlemental
data. Tho theory of reforcnco 1 is first outlined and
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the differential equation o©f the cooling=-air flow 1s then
set up in a simplifled form and solved. Tho chart 1s a
plot of the ratio of coodling pressure drop to absolute
prcssure arainst a single parameter that can be simnlr
computcd from the daca,

This pcoper 1s tho second of the series on highe
eltitude coollin: introduced in rcefercnce 5,

SYr.20LS
Vv vclocity
P denslty
o relative density (P/0.00237¢)
q dynamic prossure
P static pressurc, absolute
Ap static-prcssure dron
T temperaturc, °F absolutc
& temperaturc,-oF
AT temporaturc rise¢, °F
GmpV
R gas constant
F presaurc-drop coefficlent of fin passase
W weight flow of cooling air
M, wcight flow of enginc char-o air
al cylinder lnternal arca
A, cylindcor extcrnal arca

heat-transfer rate

lensth of fin passage
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X distanee along fin passage
b ... .fraction of total heat addecd in front of bafflos
Y ratio of specific hoats

mt, n, m, B, A', K, K! experimcntal constants

Subscerints:

o frco strcam

8 freo-stream stagnation

1 stagnation rcgion in front of engino

2 in bafflo cntrancc "
3 in befflc cxit

m avcerage botwecen stations 2 and 3

h hcad

g gas

i incomprcssiblc flow

elt et altlitude
SL at soa lcvel

av averego

BASIC PRINCIPLES OF HEAT TRANSFER

The heat-transfer oquations. - In the thcory of heat
transTor es HcvoIopoa Tn rolerencc 1, a cylinder wall is
conasldcrod as a hot body at' temperature T, heated from
within by a flow of hot gaacs at tcmperature Tg, and
cooled from without by ailr at tomperature T3. The rate
of hecat transfer within the c¢ylinde¢r 1s assumed to vary
as the product of the temperature difference Tg - Ty

and a hoat-transfer coecfficlent. This internal heat~
trangfer coofficient varles as some powor m of the
wolght flow of charge alr Mg. Thus tho heat transferred
per second 1s
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H= BMay (T, -~ Ty). o - (1)

. . .
where

8y iptqrna; area _ '
B Hcm averago internal heat-trrnsfer coefficient
M wolght flow of charge air

¢ ..
B,m exporimental constants

on the outside, thc heat rcjected to tho cooling
air 1s assumcd to vary 'ds tho product of the teémpereture
difforence T,~ T, and some powor m! of thc weight

flow of coolins Alr W:
m!?
H= X'W ao(Th - Tl) (2)
whcre '
a, extcrnal cylinder area
K averege cxternal heat-transfer coefficient

K', m'" experimental constants

From oquations (1) end (2)

y m/m?
i:)

= Al
T, - 7\
W 1h 1
N 'lg - Th _:
- v e wIfmt :
) =(_I.{.1.EQ) . (38)
Bay /. . ’
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or " a 1
m/ml .

Al gﬁ_:.;l>1/m|
. (5- h/)

This equation is the fundamentel relgtion for the doter-
minetion of the weight flow of cooll.rs alr undcr any
engine opersting condltlon ond at nny.altitude.| IT the
englre optreting conditions arc comstant, the altitude
affects the weight flow W requircd for cooling only
insofar as 1t affcets Tj.

D¥scussion of thc voriables of eqﬁations {3). - Tho

effcctive gas tomperature T for e given enginc is a

function of the opcrating condltions. This tcmperaturec
ineroascs, for example, with iIncrersc in corburetor-anir
tormperaturc or with incredse in the tomieraturc riac
through the blowcr and thercby affcets. W ~nd Ap. -
Somc characteristic curves (f1:.°'1l) show that thc required
cooling pressurc drop (rouchly prowortioncl to W2) wss
nerly doublcd w en the carburctor inlct-slr tomperatare
was Incroncecd from 1009 F to 300° F., As shown in refer-
ence 2, 'I'g ig 2l1ls0 scnsitlve to verlstions in fucl-alr

retio. A plot of the rclntive sca-lcvel prcssurc drop
requircd to cool a certain cenglne et constent indlecrted
horsenowor agailnst fuclerir ratio’'(fing. 2) shows that
increasin~ the fuel-air ratio from 0.08 to 0.10. reduced
the required cooling prcssurc dro> by half,

Figure 2 shows that ‘the nsc of very lcan mixtures
likewlse rcduccs the requirgd cooling prcassurc drop, -‘This
cooling ald, which might be'particularly anplicable in
the crulsinzy range, 18 not sasily used, however, becesuse,
without exoet methods of fuel mctcring and without perfect
uniformity of the mixture distribution to the diffcrent
cylinders, the use of fuel-nir rctios =o close to the
cut-out point bceomes dengerous,

Tho symbol T, of equations (3) was originally
defincd.as a mean cylinder-heesd ‘temperaiturc; however,
satisfactory correclations of multicylinder cngines have
boon made with T, taken as the mean rcsr spark-plug-

gaskot temperaturc. It is probable that other points
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could be used equally well; the values of exponents m
and " m' would depend on the point chosen.

- Thoe temperature T1 13 tho .extornal sir tcmperature

corrected for the adiabatlc tompereturce risec rcsulting
from the airplanoc specd:

2
\'
T) = To + 0.83 —9-\ (4)
100/

whero the temperatures are in OF absolutc and V, is in
fect por second.

Valuos for Tg, A'y, m, and m' aro found by an=lysis

of systomatlc son-lovel test data-sccording to thc mcthods
of rcforenco 1. The cxponcnts ' and -m' arc doth
gonerally about 2/3. Thc valuc of. Tz, for cylindcr heads

is normally of thc ordcr of 1610° F ambsolutc (1150° F)
when tho intekc manifold temperature is 80° F and tho
fucl=air ratio is 0.08; however, s alrcadr indiccoted,
this vrluc is subject to considcrable varistion. It is
effected, for eoxamplc, by changcs in back pressurce; sca-
level tests showcd o dcere~sc of 20 pcrcont in the
requircd cbolin% prcssure drop whcecn the cxheust manifold
prossuro was halvcd. Thls effoct 1s of littlc importance
when a turbosupercherger is used becausc the. back precssure
will bo of thc ordecr of sca-lcvecl :rossurc in the rogion
of tho oritical altitude.’ . - '

As elroady remerked, the msin eff&ct of altitudc on
the requircd wcight flow of coolinr alr rosults simpoly
from the variation of Ty with altitude; that is, for

otherwlse constant conditions, -

Bt
Py - 1/m!
;ﬂ__(Th Mg
WsL ' ‘1/m?
(Tp = T7) /m

where the subscript SL refers to sea=lcvel conditions.
Flgurc 3, based on this equation, shows thc variation of
W with altitude for scvcral valucs of Thi Thc tompera-

ture of Army air, uncorrected for flight specd, was uscd
for T,, end m' was tekcn as 2/3. The roduction in
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.required weight flow with increasing altitude is seen to
be most pronounced when T, 1s low. Because cylinder

barrels are asbout 150° F cooler than cylinder heads,
the barrels will be expected to overcool at altitude if
sufficlent cooling pressure drop is maintained for con-
stant head temperature. Actually, the thermal problems
of heads and barrels are not quite independent because
heat 1s conducted between them.

In sea-level tests the pressure drop of the cooling
alr has been shown. experimentally to vary as a constant
power of 1ts weight flow W: .

obp oc wa'/n

where m'/n 1iso very nearly 2. Because the pressure drops
Ap 13 more easlly measured than W and is also of more
direct interest in practice, 93p has until now replaced
W as a varlable 1n cooling-correlation tests at sea
level. A possible form of equation (3) is thus

Th- T g Yoo | (3¢)
T -7 n
‘8" 'n (otp)

Thé modification of this expression necessary for
cgolinﬁ correlation at high altitudes will be next con-
sidered. :

PRESSURE DRO?

Alr-flow path. - The assumed path of the cooling air
through the engine is shown diarrammatically in figure 4,
together with the static-pressure drops in the different
parts of the path. The alr accelerates from the stagna-
tion region 1 in front of the cylinder into the baffle
entrance 2; the static pressure falls by an amount Ap:IL o°

The eir then flows along the fin passages, which are
assumed to be of constant ocross section. The static-
pressure d4drop Ap2_3 that occurs along the passages 1s

the sum of the friction pressure drop and the pressure
drop necessary to accelerate the air as its denslity
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decreases along the paessages. The alr finally flows from
the baffle exit into thé space behind the- eylinder. The
abrupt enlargement of the flow passages .causes a dissipa-
tion of most of the kinetipg energy at, the baffle exit;
that 18, the flow into the space .behind the engine occurs
at essentially constant stetic pressure. . The pressure
drop across the eniine is.thus simply the sum-of Api_z

and Apz_s.

-

. Pressure drop at the haffle inlet. - At low altitudes,

for which the entrance. hach numbers are ]:ow, the pressure

drop Apl_2 is L pé’gz' For higher entrance l'ach aumbers,
2 -

the pressure drop into the baffles is given by the formula
for compressible flow, It is assumed that the fraction b
of the total heat input occurs without pressure loas in
the stagnation reslon in front of the cylinder’; that 1is,
Just before the alr accelerates Into the baffles, its
temperature 1s Ty + bAT, . where Tl is glven by equa-

tion (4) and AT 1is determined from the heat rejection

and the weight flow. The d¢nsity here is o _E'.l__
S : T, + DbAT

If the flow into the baffles is 1sentropic, then, by
the Bernoulll equation,

71
P- T. + bAT. pM\T7T _
v,2- 2¥ 11 1-{-2 (5)
or a? (1 + b %_T_ . 1
1 T rba\ L
P4P; Y -1 - Plf' p,/ (6)

where G = pgVg = pV along the passage and is given by

the mass flow and the flow area of the baffles. The
ratio P2/P1 1s thus given as a function of the term on

the left side of this equation; « 1:;1-01: of p2/p1 agalnst

A
G—2 (1+ b._T.

Tl) is given in figure 5.

PP
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For convenlence in the use of equation (6), fig-
ures 6 to 8 show T3, py, and Py for Army ajr plotted

against altitude for several slrplane speeds, It was
assumed that only 90 percent of the filght dynamic
- presaure.is recovered as static pressure; that 1is,

Py = Po * 0.9 (pg - Do)

where
ps free~gtream stagnation pressure
P, free-atream static pressure

Pressure drop within the bafflea. -~ The pressure

decrenses along the I'in paBsages as & result of friction
and acceleration:

' Jdﬁ-% bvz—z—dx+ pV av
where

dlstance aleon~ passage

length of passage

friction coefficlent for passaze as a whole (that

1s, épvaF would be the pressure drop within

the fin passages in absence of temperature and
acceleration effects)

This equation 1s, for convenlence, rewritten as follows:.

of F ax avy
p dp = G EdeT+ v) (7)

In order to simplify the.sblutign; heat 1s assumed to be
rejected uniformly to the cooling air along the passaget

x _ __L_ . L )
dT. Tz - To. - (1 = b)AT
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Frdm ‘the {ga‘s‘ 11'€w_'i'.:-ﬂ .-:'i-_' -".:". Looe -.,: 1 .‘_. ’.._--_- __-;’.' N

L] Ly -
. 8 [} i -

J e one, L B RT .. R S B
“ . '!{ R . . Tes -3 Lo S e e
and fqdm'ﬁbéhdqndly;on that pV 1s a constant (equal.to G),

Lav._._.de _.dl. _dp
v P T P

These two substitutions reduce equation (7) to

>

. ..ﬁ . - : - _
dp w e ]| @ r—————— ) .
& RGz)"dT 2(1 - pyar Tt (8.
The frictionrfaékdngF;"'ﬁhlbh 18 & fiirietlon of the
Reynolds number, may be evaluated for the mean vlscosity
along the passage and treated as a constant. As a
further simpIification, the first term -L dp is

integrated by considering T constant ag 1ts mean value

Tz + T .
o et “ R Tpe The temperature Ty, 1s glven by
2
r=-1
. 7
To P2 '
_m e,
Tl + bAT - Vvl .
To . :
The ratio 1s shown in figure 5 &5 a function of
T, + bAT ' T ‘
o T Gz('l+ v AL
_ T
N N
o PP

AlSO . . . AL . 1

t

Ty =T, + (1 - b)AT

Integration of equation (8) between stations 2
and 3 glves
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2 ., 2 ' 2
P P p 2(Tx = T
1°8(_§' o — 1'(,7;. re 222 2ﬂ-o (10)
Apy/  malmy 2

The ratlo ps/ba is thqudetermineq by the two dimension-
1 PP 4 F- BT - T this ratio 1
ess groups an + : s ratio 1s

RG 2T T ’

m . m
plotted as a function of these fwo quantities in figure 9.

m

The pressuré dfép follows from the values of pz-/p1
and pz/p; determined by equations (6) end (10):

. : P, P

23

PPy m D, m Py L - — — (1)
X 3 1 ( Py Po

In applying the theory when b, Pp» and T, eare

glven, the three quantities G, AT, and F ust be
known. As an illustration of the process of computing .
P3 - Py, suppose p; = 582 pounds per square foot,

T, = 456° F absolute, and p; = 0.000744 sluy per cublc

foot, with @ = 0.2172 slug per foot® second, AT = 123° F,
F = 1’ and b = O-s.

First compute

2 \ 2 \
G (1 , AT )_ (0.2172) (1+ 123

plpl 2T1 582 x 0,0N0744 2 % 4586
0.27%
= 0,1089 (1 + —5—)
= 0.1236 '
Tg
From figure 5(a), pg/p; = 0.9338 and 7 = 0.980

T1+§—
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T
Now, -]; AT

2
= 0.980 (Tl + 51)+ L oar
o/ 4

= 0.980 (456 + 61.5) + 30.8

= T2+

- . =-537.40 F absolute

Then v

m

Ty - T
o) 2 123
F+2(—f-r—->'1+§m

a 1,23° . .

Alseo

2 e
P Pg” P1A T3

2, .2 a2 T
RGTm PlG m

1, _456

2
= (0.9338)" X =55 ¥ 537,42

= 6.795
From flgure 9, therefore,:

Ps
—~ = 0.885
Pg
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and
Py = Ps = 582(1 « 0,9338 X 0.885
= 101.2 pounds per square foot,
= 19,5 inches of water
Simplified chart for pressure~drop determination. =

The num%er o' 1ndépendent variables re&uIrea To I'ix Ap
was found in the computation to be five excluding b,
but this number can be reduced. The ratio

o P2 B3 (12)

1s completely determined by three dimensionless quantitles
62/pypy, AT/Ty, end F, 1f b 1s known. It will be

assumed for the remaining development that b = %1 The

value of pz/bl 1s determined by use of-equation (8)
from the variable

o ¢, lar
P1P1 2T

Likewise, Pz/P2 1s found by use of equation (10) from
the two varlables

‘ P22. p® p1Py T1 '
RGTy, P% & My N b
and k
p+ 2T
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The factor po/Py- 6f ‘equiation:(13): 1s determined by
6%/p1p, and AT/T . The:factor :.

) .
- T P S e s v A
m . !" '. .!ﬂ . 1 . T
: '(TI.*" 2)(’%%)% 2 '
1
a — 5T (14)

(i-+.l E?)(22.7 + 18T
2 Ty/\py 4 7

1s obviously determined by the same variables. Also

AT  ATTq S

T, P17
so thatn-pa/pl,"ba/ﬁl, and hence " Ap/p; are known when
G2/p191, "M/T, end F are known, as was to be. oroved.

If the number of varlables required to find Ap/ﬁl

could not be reduced tg less than three, an obvious way
to simplify the computation of 'Np/pl would be to plot

it against one of the three dimehsionless variables,

' say G2/pypy, for various values of the other two,

AE[‘/T1 and F. The use of such a system of curves would
be awkward in practlce .because 1t would generally require
a double interpolatior in finding aAp/p;. It is there-
fore proposed to find a variable te replace Gz/plp1

such that curves of Ap/bl agalnst the variable will be

as nearly as possible colncident for various values of

AT/Tl and F; that 1s, an attempt will be made to
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express Ap/bi “1n'terms of:pne-variable instead of
: three. ) . :

In its passage through the Daffle passages, the
cooling airexperiences sxpansion due to heating and
pressure drop. At very high total pressures the
expansion due to prsssture ‘irop ls nezll~zlible; the
cooling pressure drop under such clrcumstances can be
shown to be very rougnly

ge AT AT
s~ (1 *.om 1 +F+ =

When Ap/p, 1s plotted against the variable
1

2
G ( ﬂl))(l + F+ —
EER 1 h

for various values of AT/Tl and F the resultant

curves as shown in flgure 10 are neerly coinecident for
smell values of &p Py The curves rcoresent the effect.

of expansion due to pressure chanzes alone. In w»rsctice,
these curvcs can be used in place of the previously
described calculation to compute ap. The curves as
cemputed are rizorously correct and are not affected by
the approximatlion used in choosing the form of the
variable

2 ' '
G (1 + Y ipe X
2 py Py 2m1_ S Tl

The only error in the use of these curves comes from
the approximation required in 1ntorpolatin for different
values of F and AT/Tl. Becauso of the small separa-

tion of the various curves, the errors due to interpola-
tion are nezlicible compared wl th oxperimental errors 1in
measurling pressure drops.,

‘Application of theory to experiment, - It .is apparent
that certain changes from pressnt practice in testing
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procedure are required if cooling pressure drops at
altitude are to be predicted. In place of the quantity

" oAp, & true mass-flow index such as G mst be observed
and used in the correlation; also AT and F, which have
not ordinarily bsen used, must be measured.

A more explicit description of a posslble procedure
is as follows:
A mass-flow index (cAp)i 1s defined by

GZ
(O‘AP)i '-2-? (1 + F) (15)
0

where p, 1s the sea-level donsity, 0,002378 slug per
cubic foot. The pressure drop Ap in (oAp)i might

be observed across a cold engine-at sca level; (oAp)i

is a true mass-flow index and varies for a particular
engine only with G. The variable

2 ] 1Y
G 1+ Y1 +p + aT \
2 PP 2Ty Tl/

1s then written

o AT A
( Apz.i_ 1+ — 1 + .___.E'__._.
04Pq 2T T,(1+ F)

A curve of F apgalnst (cAp)i is first made by

use of equation (15) and the values of G eand oAp
measured on a cold engine. The usual type of correla-
tion tests are then made but, in place of ¢Ap, the
new varlablc (oAp)1 18 used to fix thc curve of

Th - T1 Me"‘/n
——— against * The varlable (oclp) is
Te = Ty (oap), 1

found from figure 10 and the observed value apr/bl,
observed values of AT/T3, =and F estimated by use or
the curve of F agalnat (oAp)i
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- " -.Finally, an.éxperimental ourve of AT/(T, =~ T;)
azelinst (GAp)i is made from these values of (0Ap)y -

and tHe -aorresponding measured temperatures. v

s lath .. We L AL

- s ord r te-predict a cooling prgse'ure drop, the
. arequired ‘value of ‘(oAp)y 1is fdund by oﬂl tha curve’ of ,

Th -q'I'i.\f .. 'Hem‘/n . -1
_— against in the customary way. The

i :values of: A'J.' and -F  are found ,from the ‘proper
cu?yeq_ac;ainst (oAp).i, ‘and the varisble

" . . .
L !_,;!: M st I - . O

i (cmp)j_ (1+ 'A‘f) L +"" R
B 01?1 N 2T1 J. 3 Tl(l + F) 1

.1s.computed. The ratio Ap/p end. hence Ap, 1is found
by use of ligure 10, . , _ '

L

In fimure 11 the’ relatioﬂs of figure 10 are. plotted
in elightly different form. . The ordinate is the same but
the a‘pscissa is, (oAP)i/o]_Pl- . .

.. . It is’of interest to observe that = correlation
curve of" the. conventional tyne based on osAp, where

oa' ‘13 the density ratio of the- air at; the ba.f.‘fle outlet,

will 1oredict. the required coollng pressure drops within
about 5 percent at all altitudes, Because Oz ° 1s not

eaeily predleted in nraotiee, the theory as derived is
' considered preferable for eoo}ing correlation.'

Eetimation of required cooling pressure drop from
sonventionsal co;_:rel,at;og data. = If no comp.lete cooling

deta are availeble, & rough estimate of the. required-.
‘cooling pressure drop at altitude can be ma‘.de by use of

‘8 conventilonal -cooling corr.elation. . -
* { < o
The solid line of figure 1? 1s sgclix a curve for a
. . T -
modern engine, 11: is a plot of . ] ‘1‘1) ae a I‘unction
N ™ h i

of the variable M, 1. *764Ap. The assumption is now made
that a similar curve with the variable Mel 76/ (50 p)
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would be parallel to, but-diepiaeed from,'the curve. :
shown; hence, only a single'value of (aAp)i will

be sufficient to fix the new oorrelation curve. 1t
AT/Tl and F are known at one engine condition with the

corresponding value of ap/bl, .the vaiue of (oAp) can

be found by use of flgure 10 and the point and curve can
be located. 1In predicting cooling pressure drops at
altitude, (0dp); "is found from the assumed riew correla-

tion curve and F 1s assumed constant, The term AT
1s computed from the data of the one test in which AT
was measured by use of the relation

.1

sk
AT oo (T ~ T1)(0lp);

where n 1s the slope of the correlation curve. Either
figure 10 or figure 11 may then be used to find the
cooling pressure drop at altitude.

In case only single-cylinder correlation data are
available and the cooling of a multicylinder engine is
required to be.known, it should be remembered that some
spread in temperature 1ls expected among the engine cylinders.
In order that no cylinder shall overheat, all but one of
them must be overcooled. The spread between the hottest
end the coldest cylinders 1s expected to be as much as
100° F for a modern double-row engine.

Examgle. - Let it be required to estimate the pres-
sure drop to cool the engine to which fipgure 12 pertains
.under the following conditions:

Output, hOI'se'OOWeI' . s @ s o e o e s s e B e ® 2000
Altitude, feet = s e e e o e 4 B 8 -8 5. 8 055,000
Alrplane speed, miles per g;ur « e o s s s s e & o 550
Maximum head temperature, e o o 8 5 6 4 s s a & 500
Fuel-glr I'atio e o o & e e« o s 4 o o o« & o » 0,105
Carburetor-air temperature, Op L. e « 100

In one test at sea level Oyép was_found-to be
13.8 inches of water for ty = 356°F, ¢, ='81° F, and
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- T
h . 1= 0 470. 'I'he tempera‘ture rise observed was 61OF,
_.-HTS‘ = TI!- o \f.-- f-\ -" FoLs, e nd ':.— -J"_l_-

o, Wwas O, 940 and py Wwas 398 7 inches: of water, F was
i

found to be approxima{:ely equal td-i.
From figure 10 with

"~y I.;

Ap . . 13.8. _ .,
pl'""'@'lg4 x- 398 7 -
"a 0.0368
(ofp), Ar ar 1\ °
-3——- 1+ 1l + = = 0.0353
1P 2T, Ty 1+ F
Thaercefore ) . : .‘.‘,:n'

(GAP):‘_ = _0.0353 % 0.94 x 398.7

vt 541 x 2)( 2x54i)

= 11.9 inches of water

and .
(oL
1.76 s Vo
M, /oAD 11.9
LS76, 0 e L 1F.8
) oMo /(o8 p)y ,
) S L T ety T e T
RS ot e o w0862 -

The curvo. of . llel 75/(°Ap)1{ ah hssumed is shown dotted

in figure 12, each abscissa‘ls ‘thereased in the ratlo
1:0.862 above its vqlue on phe splid curvo,

- '
-
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For the assumed conditions, assums further ty-= 460° F

or 500 F below the limiting head. temperatura of ‘the’ hattest

'cylindor. From figure 6, T = 456° P gbsolute or
tl = .49 F, for the given fuel-air ratio and carburetor:

air temperature, tg = 1054° F, as found from the same cor-
relation tests. Then :

Th=Ty th-%t

and

.

w176 T
*3.34

(odp),

From the enzlne cialibrat"j-._oh'-
M, - 4.25 pounds per second
so that

(4.245)1076
5.34

(UAP)i =

= 3,82 inches of water

Since, for (oAp)i = 11,9 inches -of water, AT = 61° F,
and since the slope of the correlation curve is 0,321,

0. 321—-—
AT = Glx(sea) TEx g8 v g

= 123,7° F
FProm figures 7 and 8
Py " 682 pounds per square foot

= 112 inches of water
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Py = 0.000744 slug per cuble foot

or

0 =0.3128

de - wr = e aee v o—

o o\, AT 1
{o%)y (“ ""Xl L )
%P1 27/\ Ty 1+ F
. . B.82 L .. 123.7)(1 ,123.7 .1 )
0.3126 X112 .2 X 456 456 | 1+1

e, ~ 001405

Hence

. °".17: : 282 .'19.6 inches of

water, which 1s in satisfactory arreement with the example
proviously computed,

By 'use of fimqure-1l0, Ap

"In order to 1llustraté the altitude effect, the calcu-
lations were carried out for a range of altitude up to
50,000 feet with 1:s = 1054° F md t’h =« 450° F; F was

assumed constant in the absence of complete data. In order
to show ths offccts of fuel-elr ratio and of tthhe permis-
sible head tomperature, calculations were also made for

ty, = 450° F and ts = 956° F, corresponding to a fuel-

alr 'ratio of 0,115 for this engine, and for th = 4000 F
(with ts = 10540 F). The results are plotted in fige

ure 13. It is seen that lowering the permisaible value
of t; only 50° F doubled the required pressure drop,

whereas inecreasing the fuel-asir ratio 9.5 percent
nearly halved the required »nressure drop.

The dotted curve in flgure 13 represents the dynamic
prcssure for an alrplane speed of 350 miles wer hour,
If this curve indicates roughly the preassure available
for cooling the eniine, it is clear that 2000 horsepower
could normally be obtained on this engine at altitudes
above 40,000 feet only by using 5009 F as the limlting
head temperature of the average cylinder and enriching
the fuel-air mixture morc than is usual with such engines,
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The curves of figure 13 show the advantage of reduc~
ing tho spread in cylinder-head temperatures and in fuel-
alr ratio in cases for which engine oooling at hizh alti-
tudos must be improved.

. CONCLUSIONS

1. For ‘aceurate prescntation of cooling data over
the entiro altitude ranpge, it is recommended that cooling-
alr mass flow or some cquivalent varlable be used lnstead
of prossure drop 1n the correlation equation.

2. The simplo ﬂpproximatc rolation between mass flow
and pressurc drop that applles at sea level 1s inaccurate
at high altitude. Accurate computation of tho pressure
drop at hi:h altitudo requires a knowledge of the tompera-
ture rise oI tht ¢c00linz alr and the friction coefficient of
tho flns in addition to thd usual information presented
for low-altitudc cooling.

3. A curve 1s shown which ~reatly aimolifies the
prediction of altitudo coo;.inv pressurc drop from the
correlation data. T

4, A method 18 prosented for adapting present in-
complete corrolation data to »nrcdict altltude coolling
requirements. Calculations for a mcdern cngine show
that the acceleration of the cooling alr because of
decrcased prcssure at 35,000 foct causes nearly a 25 per-
cent increase in pressure drop rcquircd for cooling.

Langley Memorial Aeronautlcal Laboratory
National Advisory Commlttee for Aerounatics
Lanpgley Fleld, Va.
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